In vivo phosphorylation of PEPC in Egeria densa was studied using plants at high temperature and in light, and plants kept at low temperature and in light. The isoform induced by high temperature and light was more phosphorylated in the light. Changes in kinetic and regulatory properties correlated with changes in the phosphorylation state of PEPC.
Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) catalyzes the b-carboxylation of PEP by HCO 3 -in the presence of a divalent cation to yield oxaloacetate and inorganic phosphate (O'Leary 1982 , Chollet et al. 1996 . It plays a cardinal role in the initial fixation of atmospheric CO 2 into L-malate and aspartate in leaf tissue of plants performing C 4 photosynthesis and CAM. PEPC also participates in diverse anaplerotic functions in basic plant metabolism, such as gluconeogenesis and non-autotrophic CO 2 fixation in C 3 leaves and nonphotosynthetic tissues (Andreo et al. 1987 , Chollet et al. 1996 .
PEPC is highly regulated in vivo. It is modulated by L-malate and glucose-6-phosphate, which act as negative and positive allosteric effectors, respectively. Moreover, the enzyme is regulated by phosphorylation (Chollet et al. 1996 , Nimmo et al. 1987 , Vidal and Chollet 1997 . Regulation of PEPC from terrestrial plants by phosphorylation/dephosphorylation of a single serine residue, which is located in its Nterminus, results in an increase in catalytic activity and, more notably, a decrease in L-malate sensitivity. Moreover, protein phosphorylation also increases enzyme activity in the absence of any metabolic activators . It is now well established that in C 4 plants, PEPC phosphorylation is triggered by illumination (Nimmo et al. 1987 , Jiao and Chollet 1988 , Duff and Chollet 1995 , Vidal and Chollet 1997 , while in CAM plants, the enzyme phosphorylation occurs during the dark period according to a circadian rhythm (Hartwell et al. 1996) . Recently, it has been suggested that the regulatory phosphorylation of C 4 -form PEPC in mature maize plants is controlled not only by a light signal but also by some other metabolic signal such as nitrogen status (Ueno et al. 2000) . It is now generally accepted that PEPC is phosphorylated by an specific Ca 2+ -independent protein kinase named PEPC kinase (Carter et al. 1991 , Vidal and Chollet 1997 and dephosphorylated by protein phosphatase 2A (Carter et al. 1991) . Some plants contain a Ca 2+ -dependent protein kinase with a low activity against PEPC, so the phosphorylation of PEPC by this kinase cannot be ruled out (Ogawa et al. 1998) . The phosphorylation state of PEPC is highly controlled by the PEPC kinase; and conditions that cause phosphorylation of PEPC in vivo increase the activity of the Ca 2+ -independent PEPC kinase activity but do not alter protein phosphatase activity (Carter et al. 1991 , Chollet et al. 1996 , Vidal and Chollet 1997 . It is also known that PEPC kinase from CAM plants is regulated developmentally and in response to a circadian oscillator (Hartwell et al. 1999) .
The localization, properties and physiological role of PEPC have been studied in a wide variety of terrestrial plants. In contrast, few data was available about PEPC in aquatic plants. Despite the presence of similar photosynthetic mechanisms in both groups, the aquatic autotrophs exhibit unique characteristics to deal with the high resistant diffusion of inorganic carbon in water (Madsen and Sand-Jensen 1991) . Submersed aquatic macrophytes have developed different CO 2 concentrating mechanisms and the ability to use HCO 3 -in photosynthesis to cope with this limiting factor (Raven 1970, Bowes and Salvucci 1989) . Moreover, it has been described that at least three members of the Hydrocharitaceae, Hydrilla verticillata, Elodea canadensis and Egeria densa, show an appreciable shift from C 3 photosynthesis to a Kranz-less C 4 -acid metabolism when plants were grown under stress conditions of low CO 2 levels, high temperatures, and long photoperiods (Salvucci and Bowes 1981 , Salvucci and Bowes 1983 , Holaday and Bowes 1980 , Bowes and Salvucci 1989 , Magnin et al. 1997 , Casati et al. 2000 . Under those conditions, an increase in PEPC activity was detected, together with a decrease in the CO 2 compensation point.
Previously, we investigated the expression of PEPC in leaves of E. densa under stress conditions of high temperature and high light intensity (Casati et al. 2000) . We described the presence of two different PEPC isoforms, both located in the cytosol, with the lower molecular mass isoform being induced during that period. This isoform of 108 kDa showed a low K m for both substrates. It also presented different kinetic and regulatory properties in samples taken in the dark compared with those in the light, suggesting that some modification on PEPC could be occurring during the day (Casati et al. 2000) .
In this work, we performed in vivo phosphorylation experiments of PEPC in E. densa leaves under stress conditions of high temperatures and high light intensities and in control plants. In order to clarify if the modifications on the kinetic parameters of PEPC are due to a change in the phosphorylation state of the induced enzyme, we made experiments using plants during the light and the dark periods. Moreover, we tested whether changes in the phosphorylation state of the enzyme respond to an endogenous circadian rhythm or to light stimulus, and we correlated these results with changes of the kinetic and regulatory properties on the enzyme.
Plants -2 s -1 ) for 9 h and then the following treatment protocol was applied: (a) darkness for 5 h; (b) darkness for 15 h; (c) darkness for 12 h followed by light for 5 h. After that, samples were collected, washed twice with distilled water and immediately frozen in liquid N 2 and stored at -80°C prior to enzyme extraction. Samples were extracted according to the procedure described below. The supernatant was mixed with affinity purified anti-Amaranthus viridis PEPC IgG and kept at 0°C for 1 h. Protein A Agarose beads were added to the incubated samples and left at 0°C for an another h. The beaded immunocomplexes were collected by centrifugation at 10,000´g for 10 min and washed twice with 1.5 M NaCl, 0.1 M EDTA pH 7. The pellet was carefully resuspended in 60 mM Tris-HCl pH 6.8; 2% (w/v) SDS; 25% (v/v) glycerol; 0.5% (v/v) b-mercaptoethanol, and boiled for 2 min for SDS-PAGE. The gel was stained with Coomassie blue, dried and exposed to Kodak BioMax MS-1 film at -80°C. For quantification, autoradiograms and Coomassie blue stained gels were analyzed by densitometry using Quantiscan program (Microbial System Ltd). In integrating the peak areas, each peak was determined at least in triplicate to minimize systematic errors. The degree of phosphorylation was expressed as percentage of radioactivity per amount of protein loaded in the gel.
Total protein from the different samples was extracted using a buffer (1 ml buffer per gram of fresh weight of leaves) containing 100 mM Tris-HCl pH 7.3; 1 mM EDTA; 10 mM MgCl 2 ; 15 mM b-mercaptoethanol; 20% (v/v) glycerol; 1 mM NaF; 50 mM KH 2 PO 4 ; 1 mM phenylmethylsulfonylfluoride; 1 mM dipyridyldisulfide; 10 mg ml -1 leupeptin and 10 mg ml -1 chymostatin. The samples were ground completely in a cold mortar and centrifuged at 10,000´g for 10 min at 4°C. For SDS-PAGE, samples were diluted in 60 mM Tris-HCl pH 6.8; 2% (w/v) SDS; 25% (v/v) glycerol; 0.5% (v/v) b-mercaptoethanol; 0.1% (v/v) bromophenolblue and boiled for 2 min. For kinetics assays, the supernatant of crude extracts was desalted in a cold Sephadex G-25 column pre-equilibrated with the extraction buffer. For SDS-PAGE, 8% (w/v) gels were prepared according to Laemmli (1970) . After electrophoretic separation, proteins on the gels were either stained with Coomassie blue or electroblotted onto a nitrocellulose membrane for immunoblotting according to Burnette (1981) . Affinity purified anti-A. viridis PEPC IgG was used for detection and visualized by linking to alkaline phosphatase-conjugated goat anti-rabbit IgG. The molecular masses of the proteins were estimated by comparison with molecular mass standards. Protein concentration was determined by the method of Sedmak and Grossberg (1977) using BSA as standard.
PEPC reaction was determined spectrophotometrically at 30°C in a medium containing 50 mM Tris-HCl pH 7.3; 10 mM MgCl 2 ; 10 mM NaHCO 3 ; 0.2 mM PEP; 0.15 mM NADH and 10 U of NAD-malate dehydrogenase by monitoring NADH oxidation at 340 nm. PEPC reaction was started by addition of the enzyme. To determine L-malate sensitivity of PEPC, L-malate was added when the reaction was linear, after enzyme addition. The assay was performed at pH 7.3. The L-malate concentration range used in this study was chosen so as to encompass the inhibitor concentration causing 50% inhibition of the initial PEPC activity (I 50 ).
Egeria densa shoots were exposed to different conditions and analyzed by Western blot. Fig. 1 shows a typical result from one experiment. Two immunoreactive bands of 108 and 115 kDa were present in plants kept at 12°C (Fig. 1, lanes 1 and 2). After 20 d of induction at 30°C, the lower molecular mass form was clearly induced, while the level of the other isoform seemed not to be affected by the treatment used (Fig. 1,  lanes 3 and 4) . This result shows, as it was previously reported (Casati et al. 2000) , that under the stress conditions applied, there is an induction of one isoform of PEPC, and this induction is due to an increase in the protein level. On the other hand, there was no change in the level of expression of both isoforms in samples taken in the dark or taken during the day (Fig. 1, lanes 1 and 2, and lanes 3 and 4, respectively) for each treatment. In this way, changes already reported in the kinetic properties of PEPC in the dark compared to those in the light (Casati et al. 2000) cannot be related to changes in the enzyme levels but to some modification in the pre-existing molecules of PEPC.
To study a possible phosphorylation of PEPC, proteins were extracted from control or induced plants that were previously incubated with [ 32 P]phosphate and taken after 5 h into the dark or after 5 h into the light period. Aliquots were used to immunoprecipitate PEPC, and samples containing equal amounts of protein were analyzed by SDS-PAGE. Examination of the Coomassie blue stained gel, the corresponding autoradiogram ( Fig. 2A, B) , and comparison with the results obtained in Western blots with the same samples (not shown), indicated that the 108 kDa band is radiolabeled in all the conditions studied, although the degree of phosphorylation differed in each case. On the contrary, the 115 kDa band, corresponding to the non-inducible PEPC isoform, did not show apparent phosphorylation under the conditions of our study. These results indicate that in E. densa leaves, the lower molecular mass PEPC isoform that is induced by high temperature and light intensity is also regulated by phosphorylation, while the apparent constitutive, higher molecular mass isoform is not phosphorylated under the conditions of our experiments.
Although the inducible isoform was phosphorylated in all the conditions studied, we quantified the degree of phosphorylation in each case by densitometry of the bands in the autoradiograms, and we expressed the values obtained in relation of the amount of immunoprecipitated PEPC that was loaded in the gel. Table 1 shows the average of the values obtained in three different experiments and in different gels corresponding to each one. In plants kept at 12°C under low light intensity, there was an increase of about 1.2 times in the phosphorylation state in samples taken during the day in comparison with the levels in plants in the dark. Moreover, the phosphorylation state of this isoform was similar in plants in the dark both when they were induced by high temperature and light intensity or in control plants. In E. densa plants grown under these conditions, it has been reported a compensation point of 43 ml CO 2 liter -1 (Salvucci and Bowes 1981) , a typical value found in terrestrial C 3 plants. In this way, in this high compensation point condition, PEPC would function as an anaplerotic enzyme without a role in photosynthetic carbon fixation, so the need of regulation by phosphorylation during the day would not be important in this case.
In contrast, immunoprecipitated PEPC extracted from induced plants during the day showed an increase in its phosphorylation state of about 1.8 times relative to the level of phosphorylation of the enzyme in the dark. Previously, E. densa plants that were incubated at these conditions showed a decrease in the compensation point to a value of 17 ml CO 2 liter -1 (Salvucci and Bowes 1981) . In this state, E. densa plants would have a Kranz-less C 4 -acid metabolism in the light, with high PEPC activity and fixation of radiolabeled carbon into malate and aspartate (Brown et al. 1974 , DeGroote and Kennedy 1977 , Browse et al. 1980 , Salvucci and Bowes 1983 . In this way, a regulation of the phosphorylation state of PEPC during the day would be important to increase the efficiency of carbon fixation by this enzyme during the light period. As the inducible PEPC isoform by high temperature and light intensity is the one that shows differential phosphorylation during the day in induced and control plants, it seems that the process of phosphorylation/dephosphorylation of PEPC is highly regulated during the induction of this Kranz-less C 4 -acid metabolism in E. densa. At this stage of our study we cannot discriminate whether the basal phosphorylation of PEPC is the result of (a) the regulatory sites not being completely dephosphorylated during the night or of (b) the modification of the sites/residues not involved in the post-translational activity control of the enzyme.
With regards to the higher molecular mass isoform, this one is not phosphorylated under the conditions studied. What is more, this isoform is not induced by high temperature and illu- mination, so in this species it is probably not involved in photosynthetic carbon fixation but in anaplerotic functions. We cannot rule out that this isoform might be regulated by phosphorylation under other conditions, for example by nitrogen deficiency, as it was reported for PEPC from soybean root nodules, wheat leaves excised from N-deficient seedlings and mature maize leaves (Chollet et al. 1996 , Ueno et al. 2000 . If this isoform is located in the same cell type, this would be interesting as the PEPC kinase present in those cells would be able to phosphorylate one PEPC but not the other.
We investigated whether changes in the phosphorylation state of the enzyme responded also to an endogenous circadian rhythm or only to light stimulus. For these experiments, we kept the plants in the dark for 3 h more than the usual period of darkness, so the samples were collected at the same time as the light samples. In other words, the dark samples were collected during the day but keeping them in the dark. As in the case of the samples taken during the night, these dark samples also showed phosphorylation of PEPC (not shown). We quantified the degree of phosphorylation by densitometry (Table 1) , and the results obtained did not differ considerably from the results obtained in the former experiments. So, this result shows that the phosphorylation process mainly responds to light stimulus, in contrast to the results observed for PEPC from CAM plants, where this process is controlled by an endogenous circadian rhythm (Chollet et al. 1996) . The regulation of PEPC in E. densa appears to be similar to the one occurring to PEPC from C 4 species, so we propose that the 108 kDa isoform of PEPC is participating in a C 4 -like mechanism in this submersed macrophyte, with a similar regulation as the one in PEPC from C 4 plants.
In order to establish whether the change in phosphorylation was accompanied by changes in kinetic and regulatory properties, we took samples of E. densa plants kept at 30°C after 5 h into the dark period, and after 1.30 h or 3 h into the light period. We studied the inhibitory effect of L-malate, together with the kinetic parameters of PEPC (V max and K m ) in desalted crude extracts. For the assays, pH 7.3 was chosen since PEPC displays its regulatory properties more markedly at this pH, which is closer to the physiological value found in the cytosol. For the dark sample, the kinetic parameters were similar to the ones previously determined in that condition (Table 2, Casati et al. 2000) . Samples taken during the night showed a value of K m for PEP of 0.29 mM, with an I 50 for L-malate of 0.37 mM. After 1.30 h of illumination, these parameters changed, with a 1.9 times decrease in the K m value for PEP, together with an increase in the I 50 value for L-malate of about 2.4 times with respect to the values determined for the dark sample. The V max was also modified but to a lesser extent, increasing about 1.2 times after 1.30 h light exposure (Table 2) . After this period of time, it is possible that PEPC has already had modified its phosphorylation state. After 3 h, the kinetic and regulatory parameters remained similar as the ones determined after 1.30 h of illumination, and similar to the ones previously reported for light samples (Table 2, Casati et al. 2000) . These results suggest that changes of PEPC phosphorylation state, which are accompanied by changes in the kinetic properties of the enzyme, occur very quickly in vivo, and illumination of the plants for 1.30 h is enough to modify the enzyme to its most active state.
The same experiments were done with samples taken during the dark or the light period from plants kept at 12°C. We could not detect significant changes in the kinetic parameters and malate inhibition for all the samples. However, it has to be considered that the values obtained are an average of the parameters of both isoforms of PEPC which are expressed in a similar way in this state. From our results, the higher molecular mass isoform is not phosphorylated under the conditions of our study, and the difference between the phosphorylation state of the lower molecular band isoform during the day or in the night is not significant (Table 1) , so it is conceivable that no differences in the kinetic and regulatory properties could be detected. Finally, we report for the first time a protein-phosphorylation system for the control of PEPC activity in an aquatic plant. We found that the lower molecular mass isoform of PEPC present in E. densa tissues, which is the isoform that is induced after stress under high light and high temperature exposure, is modified by phosphorylation, which is consistent with reports for PEPC from different plant sources (Chollet et al. 1996) . Furthermore, this change in the phosphorylation state is correlated with the modification on PEPC kinetics and regulatory parameters, increasing the efficiency of this enzyme during the day where photosynthesis takes place. Studies of the presence and expression of a specific PEPC kinase in this aquatic plant will provide more profound information about the mechanism and regulation of the phosphorylation of PEPC, a key enzyme in this C 4 -like photosynthesis.
